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INTRODUCTION 

Free-fall  stores  with,  conventional  cruciform  panel  stabilizers 
have  at  times  evidenced  erratic  behavior  when  subjected  to  high 
angles  of  attack.  This  anomalistic  performance  has  often  been 
attributed  to  the  large  yawing  and  rolling  moments  which  vary  periodi¬ 
cally  with  roll  angle  (see  Refs.  (II  and  (2)}.  It  is  common  practice 
to  refer  to  these  moments  as  being  "roll  induced."  Another  source 
of  errant  flight  behavior  with  dynamic  origin  is  the  somewhat  related 
problem  of  roll-pitch  resonance  (see  Ref.  (2)).  This  latter  diffi¬ 
culty  becomes  evident  when  the  pitch  and  roll  frequencies  are  nearly 
equal.  Yaw-roll  resonance  becomes  precipitous  when  the  pitch 
frequency  and  roll  rate  become  nearly  equal  and  remain  so  for  an 
extended  period  of  time. 

The  freely  spinning  stabilizer  is  a  demonstrated  practical  means 
for  reducing  these  induced  moments  and  minimizing  the  likelihood  of 
yaw-pitch  resonance.  In  the  freely  spinning  stabilizer  the  panels 
are  permitted  to  spin  about  the  body's  longitudinal  axis.  The  fore¬ 
body,  on  the  other  hand,  has  little  or  no  spin  rate.  Ballistic 
advantages  of  this  type  of  stabilizer  are  as  follows.  First,  the 
effects  of  roll-induced  forces  and  moments  can  be  minimized  or 
eliminated.  Secondly,  the  moment  of  inertia  in  roll  of  the  tail  cone 
is  an  order  of  magnitude  less  than  that  of  the  complete  configuration. 
Since  only  the  fins  rotate  they  rapidly  accelerate  after  release  to 
a  roll  rate  well  above  the  bomb's  pitch  frequency.  In  addition,  the 
freely  spinning  tail  offers  a  tactical  advantage  in  that  it  can  be 
used  as  an  environmental  sensor  by  replacing  the  commonly  used  air¬ 
arming  vane. 

During  the  past  few  years  an  investigation  has  been  carried  out 
at  the  Naval  Ordnance  Laboratory  to  determine  the  dynamic  and  aero¬ 
dynamic  properties  of  typical  free-fall  stores  with  freely  spinning 
stabilizers.  Toward  this  end,  a  series  of  wind-tunnel  investigations 
have  measured  static,  pitch  damping  and  Magnus  characteristics  of 
freely  spinning  stabilizers  (see  Refs.  (3),  (4)  and  (5)).  The 
present  report  documents  the  results  of  a  series  of  comparative 
measurements  of  the  fixed  and  freely  spinning  stabilizers  on  the 
basis  of  static  and  Magnus  forces  and  moments.  A  subsequent  report 
will  combine  these  aerodynamic  measurements  with  an  analytic  study 
of  the  dynamics  of  the  freely  spinning  stabilizer;  the  goal  of  this 
second  effort  will  be  to  establish  the  effect  of  spin  rate  (fin  cant) 
and  forebody  and  stabilizer  associated  asymmetries  on  store  stablity. 

Portions  of  the  data  used  in  this  report  are  also  available  in 
Reference  (6),  although  the  data  in  Reference  (6)  has  not  been 
corrected  for  flow  angularity. 
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SYMBOLS 

magnitude  of  a  vector 
corrected  angle  of  attack, 
section  lift  coefficient 

rolling  moment,  M^/QSd 

sectional  lift  curve  slope 

rolling  moment  due  to  fin  cant,  30^/36 

roll-damping  moment  derivative,  3C^/3  (pd/2,V) 

pitching-moment  coefficient,  My/QSd 
pitching-moment  derivative,  9Cm/3a 

normal-force  coefficient,  -F  /CIS 

z 

normal-force  derivative,  9CN/3a 

yawing-moment  coefficient,  M  /QSd 
**  z 

side-force  coefficient,  F^/QS 

reference  length,  body  diameter 
uncorrected  load  component  along  the  x  axis 

uncorrected  load  component  along  the  y  axis 

uncorrected  load  component  along  the  z  axis 

corrected  load  component  along  the  x  axis 

corrected  load  component  along  the  y  axis 

corrected  load  component  along  the  z  axis 
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SYMBOLS  CCont'dl 
pitch  moment  of  Inertia 

unit  vector  along  the  x  axis 
unit  vector  along  the  y  axis 
unit  vector  along  the  z  axis 
unit  vector  along  the  velocity  vector 

axial  radius  of  gyration,  ^fl^/md^ 

component  of  aerodynamic  moment  about  x  axis 

component  of  aerodynamic  moment  about  y  axis 

component  of  aerodynamic  moment  about  z  axis 

free-stream  Mach  number 

spin  rate,  radians  per  second 

reduced  spin  rate,  pd/2V 

Reynolds  number  per  unit  length 

2 

model  reference  area,  TTd  /4 
free-stream  airspeed 
free-stream  velocity 
conventional  fixed-body  axes 
coordinate  of  spanwise  station 
nominal  angle  of  attack 
flow  angularity  variables 


5  fin  cant 

6j  designated  fin  cant  angle  with  J  =  1,  2,  3,  4, 

n  unit  vector  normal  to  angle-of-attack  plane 


5  degrees 
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SYMBOLS  CCont'd} 

l  unit  vector  in  ar.gle-of-attack  plane  normal  to  I 

p  density  of  the  air 

pD  density  of  the  bomb 

c  indicates  correction  for  flow  angularity  (used  as 

superscript) 

TEST  FACILITY 

The  Magnus  tests  were  carried  out  exclusively  at  the  Aerodynamic 
Wind  Tunnel  (4T)  of  the  Arnold  Engineering  Development  Center. 

This  facility  is  a  recirculating,  continuous  flow,  variable  density 
tunnel  capable  of  being  operated  at  Mach  numbers  from  0.2  to  1.3. 

At  all  Mach  numbers  the  stagnation  pressure  can  be  varied  from  200  to 
400  psfa.  The  test  section  is  four  feet  square  and  12.5  feet  long. 
The  wind  tunnel  is  completely  enclosed  in  a  plenum  chamber  from  which 
the  air  can  be  evacuated,  allowing  part  of  the  air  flow  to  be  removed 
through  the  perforated  walls  of  the  test  section.  A  more  complete 
description  of  the  wind  tunnel  may  be  found  in  Reference  (7) . 

WIND-TUNNEL  MODEL 

The  model  used  in  these  tests  is  the  M823  Research  Store.  This 
configuration  has  a  long  history  as  the  standard  shape  in  an 
extensive  free-fall  weapons  dynamics  research  program  participated  in 
by  the  United  States,  the  United  Kingdom  and  Australia.  In  this  tri¬ 
partite  effort  the  M823  was  used  in  several  free-fall  trials  and 
subjected  to  exhaustive  wind-tunnel  measurements.  It  has  also 
served  as  a  model  in  numerous  six-degree-of-freedom  computer  flight 
simulations  (Ref.  (8)). 

The  full-scale  M823  is  illustrated  in  Figure  1.  In  its  standard 
form  the  M823  is  a  7.7-caliber-long  free-fall  store  with  a  cruciform 
conical  stabilizer.  For  the  tests  reported  herein,  the  M823  was 
modified  in  that  the  conical  stabilizer  was  mounted  on  a  bearing- 
supported  shaft  and  was  free  to  rotate  about  the  longitudinal  axis 
of  the  body.  A  dimensional  sketch  of  the  wind-tunnel  model  is  given 
in  Figure  2  with  details  of  stabilizer  geometry  given  in  Figure  3. 

In  these  tests  the  stabilizer  had  fin  cants  of  1,  2,  3,  4  and  5 
degrees.  The  model  was  tested  with  stabilizer  decoupled  and  free  to 
spin  about  the  longitudinal  axis  of  the  store.  Tests  were  also 
conducted  with  the  rigidly  fixed  to  the  forebody  to  form  a 

configuration  with  a  conventional  fixed  stabilizer. 
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INSTRUMENTATION 

The  aerodynamic  loads  on  the  model  were  measured  by  means  of  a 
four-component  (CN,  Cy,  and  CnL  strain-gage  balance.  To  measure 

the  rotational  rate  of  the  model  or  stabilizer,  a  magnetic  tachometer 
is  located  in  the  tail  assembly.  A  magnetic  pick-up  coil  was  embedded 
in  the  sting. 

CORRECTIONS  FOR  FLOW  ANGULARITY 

In  a  succeeding  section  the  salient  features  of  the  wind-tunnel 
measurements  will  be  printed  out.  Before  doing  this,  however,  it  is 
of  some  value  to  dis  uss*  how  the  measurements  were  made  and  what 
special  corrections  w«=j.a  applied.  In  the  freely  spinning  stabilizer 
tests,  the  model's  forebody  is  rigidly  fixed  to  the  balance  with  only 
the  stabilizer  free  to  spin,  being  supported  on  a  bearing  shaft  and 
driven  in  spin  by  means  of  fin  cant. 

The  model  was  rigidly  fixed  to  the  balance  with  only  the 
stabilizer  allowed  to  spin  during  the  freely  spinning  tail  tests; 
during  the  fixed-stabilizer  tests,  the  stabilizer  was  locked  to  the 
forebody  and  the  whole  configuration  was  allowed  to  spin  about  the 
balance.  The  model  is  shown  mounted  on  the  balance  and  installed  in 
the  wind  tunnel  in  Figure  4 .  The  model  is  then  rotated  through  the 
angle  of  range  with  load  measurements  made  at  several  discrete 
angular  positions.  At  the  completion  of  each  angle-of-attack 

span,  the  model  is  brought  to  zero  angle  of  attack  and  the  Mach 
number  is  changed.  The  angle-of-attack  range  is  again  spanned  while 
holding  the  Mach  number  fixed.  There  seems  to  be  a  source  of  error 
in  bringing  the  model  to  the  nominally  zero  angle  of  attack.  The 
model  would  thus  be  experiencing  a  slightly  different  angle  of  attack 
from  the  nominal  value,  the  difference  being  represented  by  the 
symbol,  <xq.  Since  the  model  was  rotated  in  a  vertical  plane,  there 

was  the  additional  possibility  that  the  plane  of  rotation  would  not 
at  any  time  contain  the  velocity  vector.  Stated  alternately,  the 
vertical  plane  of  rotation  of  the  model  was  not  coincident  with  a 
vertical  plane  containing  the  velocity  vector.  The  angle  between 
these  two  vertical  planes  is  designated  as  $Q.  Thus,  to  define  the 

velocity  vector  at  a  nominal  angle  of  attack  of  zero  requires  two 

variables,  a  ,  the  vertical  coordinate,  and  8  ,  the  horizontal  co- 
o  o 

ordinate.  {aQ,  3Q}  might  also  be  thought  of  as  the  directional 
angles  of  the  velocity  vector  in  the  {XQ,  YQ,  coordinate  frame. 

Because  of  the  way  aQ  and  occur  it  might  be  expected  that  aQ 

would  change  more  readily  than  because  the  zero  value  of  the 

nominal  angle  of  attack  changes  with  each  Mach  number  change,  but  the 
plane  of  rotation  should  not  move  until  model  changes  are  made.  In 
Appendix  A,  Equations  CA—  26}  and  (A-29)  provide  a  means  for 
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calculating  the  trim  angles  and  §q/  respectively.  These  trim 

angles  are  shown  plotted  versus  Msch  number  in  Figure  5  for  the  con¬ 
figuration  with  a  freely  spinning  stabilizer  with  a  four-degree  fin 
cant.  The  angle  §Q  is  less  than  but  not  sufficiently  so,  it 

seems,  to  support  the  above  reasoning.  Also,  it  might  be  expected 
that  @o  would  not  vary  much  with  Mach  number,  but  apparently  it 

evidences  as  much  variation  as  does  a  .  In  showing  a  and  3  versus 

o  o  o 

Mach  number  in  Figure  5,  a  compressibility  effect  is  not  necessarily 
implied.  Mach  number  in  Figure  5  is  intended  to  act  more  as  a 
"counter"  to  indicate  the  completion  of  an  angle-of-attack  span. 

In  making  use  of  Equations  (A-26)  and  (A-29)  the  question  that 
must  be  faced  is  how  well  can  the  wind-tunnel  balance  make  small¬ 
load  measurements.  One  way  of  assessing  balance  accuracy  is  to 
measure  CN  in  the  simple  finite  difference  method  suggested  by 
a 

Equation  (A-28) .  Since  normal  loads  were  measured  at  -1,  0,  +1  and 
+2  degrees  angle  of  attack,  it  was  decided  to  obtain  the  ncrmal-force 
derivative,  C„  ,  by  use  of  the  following  formulae  and  then  to  compare 
a 

the  results 


C  =  (Qj, 

(la) 

r  (Q,  -  QJsr.s 

>«T  i 

(lb) 

r  .  (C^-Cjro 

(lc) 

where  the  subscripts  indicate  the  angle  at  which  the  measurements 
were  made.  Reasoning  would  go  somewhat  as  follows:  If  there  exists 
a  time-dependent  ramdom  error  large  in  proportion  to  the  measurement 
made  at  small  angles,  than  the  calculation  of  CN  by  means  of 

Equations  (1)  should  indicate  considerable  scatter.  Figure  6  is  a  plot 
of  CN  versus  Mach  number  as  obtained  from  Equations  (1) .  Quite 
a 

obviously  there  is  little  scatter  in  the  measurements  of  the  indi¬ 
vidual  values  of  CN  .  Of  course  the  data  depicted  in  Figure  6  do  not 

support  the  contention  that  there  is  small  error  in  the  measurements 
of  CM  ,  CM  ,  CM  and  CM  ,  but  rather  that  the  time-dependent  ramdom 
-1  No  W1  2 

or  noise  type  of  error  must  be  small.  Without  confidence  in  the 
freedom  of  the  balance  measurements  at  small  angles  of  attack  from 
noise-type  errors,  there  could  be  no  confidence  in  the  measurements 
of  aQ  and  80  from  Equations  (A-26)  and  (A-29) . 
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It  Is  now  a  relatively  straightforward  procedure  to  make 
corrections  to  wind-tunnel  Magnus  measurements.  In  reducing  the 
wind-tunnel  side-force  data#  Equation  Clal  was  used  to  calculate  the 
normal-force  derivative.  The  normal-force  derivative  and  the  trim 
forces,  CN  and  C  ,  were  used  in  Equations  CA-26}  and  (A-29), 
o  *o 

respectively,  to  calculate  the  flow  angularity  variables  {aQ,  3Q}  as. 


**  (2a) 

ft*  -  -  ^*Yo  (2b) 

These  quantities  are  then  used,  together  with  th*4  nominal  angle  of 
attack,  a,  to  calculate  h  and  k  from  Equations  (A-19) . 


U  -  Cos*,  c 


■6S^i  5 


ivi  o4 


*  Sin<^eCosoC 


(3a) 


(3b) 


The  above  quantities  are  substituted  in  Equations  (A-24a)  and  (A-25b) 
to  obtain  the  corrected  side-force  and  yawing-moment  coefficients 


pc  Cyh  +  CnK 
7  *  J  h*  f 

Cc  =  SJl  ± 

*  [K+  ^ 


(4a) 


(4b) 


Next,  the  corrected  angle  of  attack  is  calculated  from 
Equation  (A-12) , 


K  *  Tsin 1 


lie,  L+  Sine iCsj4,  Eo5oC> 

jjCoSo(eCo^4#CoSo(.-  5iin «*3 


(5) 
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In  discussing  flow  angularity  one  final  problem  must  be 

addressed*  Alternate  expressions  for  the  flow  angularity  variables 

might  be  used,  that  is  computations  based  upon  the  measured  "trim" 

moments,  c  and  c  ,  rather  than  the  trim  forces,  C  and  CM  .  Thus 
m„  n  y_  ■  n 

o  o  *o  o 

rather  than  having  expressions  for  {aQ,  3Q)  given  in  Equations  (2), 
the  following  alternate  expressions  might  be  used: 


< X 


(6a) 

(6b) 


The  question  that  must  then  be  considered  is  the  quality  of  agreement 
between  Equations  (2)  and  (6).  If  the  variables  {aQ,  3Q1/  after 

having  been  calculated  separately  from  Equations  (2)  and  (6) ,  are  not 
in  agreement  then  there  must  be  a  variation  of  flow  angularity  along 
the  body.  In  the  extreme  case  where  (a^,  are  zero  from 

Equations  (2)  and  nonzero  from  Equations  (6),  the  conclusion  would 

have  to  be  that  the  flow  angularity  varies  along  the  body  in  sign 
such  that  there  is  a  couple  on  the  body  (Cm  and/or  Cn  are  nonzero) 

o  o 

and  yet  the  net  force  is  zero.  This  is  somewhat  at  odds  with  the 
assumption  of  Appendix  A  in  that  the  flow  angularity,  {aQ,  BQ},  was 

assumed  constant  along  the  body.  In  reducing  the  Magnus  data  con¬ 
tained  in  this  report  it  was  found  that  {aQ,  3q),  as  calculated  from 

Equations  (2),  differed  between  10  and  50  percent  from  {aQ,  30)  as 

calculated  from  Equations  (6).  The  procedure  that  was  followed  was 
to  use  Equations  (2)  to  correct  force  data  (Eq.  (4a))  and  to  use 

Equations  (6)  to  correct  moment  data  (Eq.  (4b)).  As  pointed  out  in 

Appendix  A,  no  corrections  were  made  to  the  normal-force  measurements 
since  such  corrections  must  be  of  third  order. 


TEST  PROCEDURE* 


All  configurations  were  tested  at  Mach  numbers  of  0.6  to  1.2  at 
a  constant  Reynolds  number  per  foot  of  3  million.  The  variation  of 
wind-tunnel  dynamic  pressure  with  Mach  number  is  given  in  Figure  7. 
The  stream  total  temperature  was  maintained  at  90  degrees  Fahrenheit. 
The  model  angle  of  attack  was  swept  between  -1  and  +12  degrees. 

PRECISION  OF  MEASUREMENTS* 

Errors  arising  from  free-stream  test  conditions  were  determined 
from  wind-tunnel  calibration  data.  Since  the  other  data  obtained  in 
this  report  were  determined  from  single-sample  measurements,  the 


*  This  section  was  taken  from  Reference  (6). 
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uncertainties  for  these  data  are  estimated,  based  on  instrument 
precision  and  calibration  curve  fit  deviation  at  a  95  percent  con¬ 
fidence  level.  The  uncertainties  in  the  coefficients  presented  in 
this  report  are  as  follows: 

CC  CC  (C  Co, 

N  m  y  n 

±0.01  ±0.01  ±0.002  ±0.002  ±0.1 

DISCUSSION  OF  RESULTS 

In  the  wind-tunnel  program  the  yav’ing  and  pitching  moments  and 
the  side  and  normal  forces  were  measured.  In  addition,  the  spin 
rate  of  the  tail  (freely  spinning  stabilizer)  or  the  entire  con¬ 
figuration  (fixed  stabilizer)  were  also  measured.  Figures  8  through 
42  present  the  normal-force  and  pitching-moment  coefficients  of  the 
fixed  and  freely  spinning  configurations  having  fin-cant  angles  of 
two  and  four  degrees.  It  was  found  that  fin-cant  angles  within  the 
range  of  one  to  five  degrees  had  little  effect  on  the  normal-force 
and  pitching-moment  characteristics  of  the  body.  Therefore,  normal- 
force  and  pitching-moment  data  for  only  two  of  the  five  fin  cants 
are  presented. 

It  will  be  noted  in  examining  Figures  16  through  24  and  again 
Figures  34  through  42  that  the  fixed  stabilizer  has  a  slightly 
greater  pitching  moment  at  a  given  angle  of  attack  than  does  the 
freely  spinning  stabilizer.  Both  the  fixed  and  freely  spinning 
configurations  at  both  fin  cants  given  evidence  of  a  nonlinearity  in 
the  pitching  moment  about  zero  angle  of  attack.  This  effect  may  be 
due  to  sting  interference.  The  sting  diameter-to-base  ratio  is  0.5. 
Unfortunately,  a  large  sting  diameter  was  required  because  the  Magnus 
balance  was  designed  for  spin-stabilized  models  where  air  conduits 
for  the  drive  system  are  required.  These  conduits  are  provided  by 
internal  passageways  internal  to  the  balance. 

Before  considering  the  Magnus  measurements,  it  is  necessary  to 
justify  to  some  extent  the  experimental  technique  used  and  the  method 
chosen  for  data  presentation.  First,  it  must  be  appreciated  that 
in  its  linear  formulation  the  Magnus  effect  (force  or  moment)  is  e 
unique  function  of  a  quantity  which  will  be  designated  herein  as  the 
reduced  spin  rate,  p,  or  pd/2V*.  One  physical  interpretation  of  p 
might  be  as  the  ratio  of  the  linear  velocity  of  a  surface  element  due 
to  advance.  Within  the  restriction  of  small  values,  p  is  approxi¬ 
mately  the  angle  of  the  flow  "seen"  by  a  surface  element.  For  a 
finned  body,  if  the  reference  length  were  the  fin  span,  then  p  might 
be  identified  as  the  helix  angle  of  the  fin  tip.  Since  p  is  an 
indication  of  the  flow  angularity  or  distortion  at  a  surface  element 


*  The  reduced  spin  rate,  p,  is  identical  to  the  Strouhal  number  that 
is  used  in  hydrodynamics  ar;  a  similarity  parameter  in  unsteady  flow. 
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due  to  spin,  the  Magnus  loads  should  he  thought  of  as  a  function  of 
the  reduced  frequency  and  not  the  spin  rate  alone.  The  sketch  below 
indicates  the  flow  angularity  at  a  surface  element  caused  by  spin. 


In  making  Magnus  measurements  on  bodies  of  revolution  (usually 
spin  stabilized)  the  usual  procedure  is  to  spin  or  to  permit  spin 
decay  of  the  body  through  a  fairly  wide  range  of  spin  rates.  Side 
loads  and  yawing-moment,  measurements  are  made  continuously  and  pre¬ 
sented  as  functions  of  reduced  spin  rate,  p.  The  reason  for  doing 
this  is  that  the  reduced  spin  rate  enjoyed  by  a  body  of  revolution 
depends  upon  the  value  of  the  initial  spin  rate  (which  in  turn  can  be 
related  to  the  gun  rifling)  and  to  some  extent  the  roll  damping; 
in  addition,  the  reduced  frequency  also  depends  upon  the  trajectory 
flown  by  the  body.  One  encounters,  for  example,  the  situation  where 
the  reduced  spin  rate  often  increases  with  downrange  distance,  for 
while  the  spin  rate  decreases  somewhat  the  airspeed,  V,  decreases 
much  more  quickly. 


For  a  finned  body  the  .situation  is  somewhat  different.  In 
Appendix  B  the  reduced  spin  rate  is  obtained  from  the  integration  of 
a  single-dagree-of-freedom  equation.  The  steady-state  reduced 
frequency  is  shown  in  Equation  (B-2)  to  be 


(7) 


where  C.  is  the  rolling-moment  derivative  due  to  fin  cant,  6,  the 
*<5 

fin-cant  angle  in  radians  and  Cfl  the  roll-damping  moment  derivative. 

*P 
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The  Magnus  effect  is  a  function  of  the  angle  of  attack  and  the 
similarity  parameters:  Mach  number#  Reynolds  number  and  the  reduced 
spin  rate.  Equation  (7)  indicates  that  for  a  given  shape#  Mach 
number  and  Reynolds  number#  the  reduced  spin  rate  is  fixed  since 
Cf  #  <S  and  c.  are  determined  by  shape  and  Mach  number  and  Reynolds 

*6  *p 

number.  It  might  be  reasoned  further  that  the  reduced  spin  rate#  p, 
is  a  weak  function  of  Mach  number  since  both  and  should  vary 

x<$  xp 

in  nearly  the  same  manner  with  Mach  number  and  both  appear  in 
Equation  (7)  in  a  ratio.  Measurements  of  the  reduced  spin  rate  in 
these  tests  indicate  that  the  reduced  spin  rate  does  vary  little 
with  Mach  number  for  a  given  shape. 

Figures  43  through  47  present  the  reduced  spin  rate  versus  angle  of 
attack  for  all  five  angles  of  fin  cant.  It  will  be  noted  that  for 
fins  having  cant  angles  of  1#  2  and  3  degrees#  the  reduced  spin  rate 
is  nearly  invariant  with  angle  of  attack  (up  to  12  degrees) .  The 
five-degree  fin  cant  indicates  the  greatest  variation  with  angle  of 
attack#  changing  about  15  percent  over  the  angle  range  of  12  degrees. 

It  will  also  be  noted  that  the  variation  of  reduced  spin  rate  with 
Mach  number  is  small.  For  example#  the  value  of  p  for  the  four- 
degree  fin  cant  is  0.076  at  a  Mach  number  of  0.59  and  0.078  at  a  Mach 
number  of  1.20,  supporting  the  earlier  made  conjecture  on  the  small 
influence  of  Mach  number  on  reduced  spin  rate. 

The  only  question  that  remains  to  be  settled  is  how  quickly  the 
store  reaches  the  steady-state  value  of  the  reduced  spin  rate. 

Equation  (B-5)  expresses  the  relationship  between  the  initial 
difference  between  actual  and  steady-state  reduced  spin  rates,  p  -  p  , 

O  D 

and  the  difference,  p  -  p  #  at  a  later  time,  t*.  The  quantity  t*  is 

b 

a  nondimens ional  time,  having  for  units  the  time  for  the  passage  of 
one  body  length.  The  half  life  of  the  spin  rate  difference,  p  -  p  # 

b 

means  that, 


assuming  the  following  values, 


=  0  007? 


Equation  (8)  may  be  solved  for  t*  to  give 

t*=  Z4Z 


(9) 


(10) 


The  above  value  of  t*  means  that  the  body  moves  through  242  lengths 
(about  3  to  4  seconds)  before  the  reduced  spin  rate  would  be  one-half 
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way  to  the  steady-state  value.  This  result  indicates  that  to  study 
initial  motion  after  release,  a  wind-tunnel  test  must  be  carried  out 
in  which  the  model  is  driven  in  spin  oyer  a  range  of  reduced  spin 
rates  from  zero  to  the  steady-state  value.  Data,  as  presented  in  this 
report,  would  appear  to  be  inadequate  for  analyzing  the  initial 
motion.  However,  beyond  the  first  five  or  six  seconds  after  release 
it  would  seem  a  safe  assumption  that  the  configuration  has  attained 
the  steady-state  value  of  reduced  spin  rate.  From  that  time  onward 
the  reduced  spin  rate  is  nearly  constant  over  the  remainder  of  the 
trajectory.  The  conclusion  is  then  that  once  the  Mach  number  and 
the  angle  of  attack  are  set,  the  reduced  spin  rate  is  automatically 
set  (by  Eq.  (7)).  Thus,  the  side-force  and  yawing-moment  coefficients 
will  be  directly  applicable  to  the  full-scale  configuration.  Magnus 
loads  can  then  be  treated  like  conventional  static  loads  and  the 
reduced  spin  rate  is  not  a  separate  independent  variable. 

The  Magnus  forces  and  moments  are  given  as  functions  of  angle  of 
attack  and  Mach  number  in  Figures  48  through  .,24.  With  the  exception 
of  the  configuration  having  a  one-degree  fin  cant,  all  Magnus  data 
are  presented  for  both  the  fixed  and  freely  spinning  stabilizers. 

Platou's  qualitative  theory  of  the  Magnus  effect  on  finned 
bodies  can  be  used  with  limited  success  to  explain  these  data. 

Platou's  theory  was  originally  set  forth  in  Reference  (9).  This 
theory  centers  around  the  effect  of  the  body  wake  impinging  upon  the 
leeward  fin.  The  resulting  decrease  in  fin  lift  is  felt  first  in  the 
region  of  the  root;  it  then  propagates  towards  the  tip  as  the  body 
angle  of  attack  increases.  The  essentials  of  the  concept  may  be  seen 
in  the  sketch  below; 
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In  the  above  sketch  the  fins  normal  to  the  angle-of-attack  plane  have 
been  omitted  for  clarity.  It  will  be  noted  that  the  lift  distribution 
changes  sign  across  the  fin,  both  at  zero  and  nonzero  angles  of  attack. 
For  a  body  rolling  at  the  steady-state  value  of  the  reduced  spin  rate, 
the  lift  distribution  must  satisfy  the  condition  that  the  net  rolling 
moment  is  zero,  i.e.. 


W2 


(ID 


where  C0  ,  Q,  C(y),  aD,  6  and  y  are  the  sectional  lift  coefficient 
a  B 

slope,  the  dynamic  pressure,  the  panel  chord  as  a  function  of  the 
spanwise  station,  the  body  angle  of  attack,  the  fin-cant  angle  and 
the  spanwise  station,  respectively. 

It  will  be  noted  in  the  above  sketch  that  at  zero  angle  of  attack, 
afi,  the  net  force  in  the  Y  direction  is  zero.  However,  as  the  angle 

of  attack  increases  the  decrease  in  the  lift  at  the  root  of  the  most 
leeward  fin  results  in  an  imbalance  in  the  side  force.  Thus,  with 
increasing  angle  of  attack  there  will  be  a  net  side  force  m  the 
negative  Y  direction  (to  the  left  looking  forward  along  the  direction 
of  positive  spin) .  Since  the  stabilizers  are  usually  located  well  aft 
of  the  center  of  gravity,  the  Magnus  force  in  the  negative  Y  direction 
will  result  in  a  positive  Magnus  or  yawing  moment  about  the  Z  axis. 

The  qualitative  value  of  Platou's  theory  may  now  be  evaluated  by 
comparing  its  predictions  with  some  measurements.  Consider  the  fixed- 
stabilized  configuration  for  the  moment.  It  may  be  seen  in  Figure  58 
that  for  a  fin  having  a  two-degree  fin  cant  the  side  force  is  negative. 
The  corresponding  moment,  presented  in  Figure  66,  is  shown  to  be 
positive.  However,  it  will  be  noted  that  with  increasing  Mach  number 
the  yawing  moment  initially  becomes  zero.  Compare,  for  example, 

Figures  66  and  71.  The  same  trend  of  decreasing  yawing  moment  with 
Mach  number  is  in  evidence  for  the  four-  and  five-degree  fin  cants. 
Compare  Figures  100  and  106  for  the  four-degree  fin  cant  and  Figures 
117  and  123  for  the  five-degree  fin  cant.  It  should  be  pointed  out 
that  this  decrease  in  positive  yawing  moment  cannot  be  explained  by 
including  forebody  force  contributions.  If  the  Magnus  moment  on  the 
forebody  is  identified  with  that  on  a  body  of  revolution,  the  trend 
would  be  for  the  Magnus  center  of  pressure  to  move  aft  with  increasing 
Mach  number.  The  result  should  be  a  contribution  to  the  total  Magnus 
moment  that  increases  with  Mach  number, 

Platou's  theory  deals  directly  with  the  Magnus  force  and  predicts 
that  this  force  should  be  negative  for  positive  spin  rate,  although 
not  necessarily  linear  with  increasing  angle  of  attack.  It  may  be  of 
interest  to  examine  how  a  typical  Magnus  force  varies  with  angle  of 
attack  and  Mach  number.  For  both  the  fixed  and  freely  spinning  con¬ 
figurations  having  a  four-degree  fin  cant  the  side-force  coefficient 
is  negative  for  small  angles  of  attack  (see  Fig.  91  for  example). 
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The  freely  spinning  configuration  has  a  smaller  side-force  coefficient, 
presumably  because  the  forehody  contribution  is  absent.  In  figure  91 
both  fixed  and  freely  spinning  configurations  have  side  forces  which 
reach  a  maximum  at  about  six  degrees  angle  of  attack  and  then  become 
increasingly  negative.  As  the  Mach  number  increases  the  negative  peak 
diminishes.  At  a  Mach  number  of  Q.84  the  freely  spinning  stabilizer 
has  a  positive  Magnus  force  foy  angles  of  attack  greater  than  seven 
degrees;  the  fixed  stabilizer  has  a  positive  Magnus  force  above  11 
degrees.  A  further  increase  in  the  Mach  number  results  in  a  further 
positive  trend  in  the  Magnus  force.  For  example,  at  a  Mach  number  of 
1.11  (Fig.  97)  the  Magnus  force  is  entirely  positive.  A  similar  trend 
is  recognizable  for  all  fin-cant  angles  except  one  degree.  The 
measurements  made  on  the  one-degree  fin,  either  fixed  or  freely 
spinning,  are  only  a  few  times  greater  than  the  uncertainty  of  ±0.002 
in  the  measurement  of  the  force  coefficient. 

One  final  consideration  is  the  relative  size  of  the  Magnus  effect 
on  the  fixed  and  freely  spinning  stabilizers.  For  the  two-degree 
fin  cant  both  configurations  (fixed  and  freely  spinning)  have  positive 
Magnus  moments  which  tend  to  increase  with  angle  of  attack  to  a  pea.< 
value  of  about  seven  degrees  angle  of  attack  at  low  Mach  numbers 
(see  Figs.  64  and  65).  Both  configurations  have  Magnus  moments  of 
nearly  the  same  magnitude.  Where  the  free  stream  becomes  supersonic, 
the  Magnus  or  yaw  moment  decreases  from  its  positive  subsonic  peak  of 
about  0.04  to  a  slightly  negative  value  (see  Fig.  106).  The  magnitude 
of  the  moment  is  comparable  for  both  configurations. 

At  a  fin  cant  of  four  degrees  the  trend  is  roughly  that  observed 
at  two  degrees,  although  the  maximum  positive  value  is  about  0.05. 

It  does  appear  that  the  fixed  stabilizer  has  a  slightly  less  positive 
or  a  slightly  greater  negative  moment  than  does  the  freely  spinning 
configuration. 

Increasing  the  fin  cant  to  five  degrees  increases  the  positive 
Magnus  moment  with  increasing  subsonic  Mach  numbers  (compare  Fig.  119 
with  116) .  However,  the  differences  between  the  fixed  and  freely 
spinning  configurations,  as  noted  above  for  the  four -degree  fin  cant, 
become  more  evident.  At  Mach  number  of  0.94  (Fig.  122)  the  freely 
spinning  stabilizer  has  a  positive  yawing  moment  up  to  eight  degrees 
angle  of  attack,  but  the  fixed  stabilizer  has  a  negative  moment  over 
the  whole  of  the  angle-of-attack  range.  For  supersonic  Mach  numbers, 
both  configurations  have  negative  Magnus  moments,  although  the 
magnitude  of  the  moment  applied  to  the  fixed  stabilizer  is  greater, 
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LONGITUDINAL  AXIS 


FIG.  4  MODEL  OF  M823  FREE  FALL  STORE  MOUNTED  IN  THE  WIND-TUNNEL 


NOLTR  72-291 


NORMAL  FORCE 'DERIVATIVE 
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FIG.  6  NORMAL  FORCE  DERIVATIVE  VERSUS  MACH  NUMBER  FOR  THE  FREELY  SPINNING 
STABILIZER  WITH  A  FIN  CANT  OF  4  DEGREES 
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MACH  NUMBER 


FIG.  7  VARIATION  OF  WIND-TUNNEL  DYNAMIC  PRESSURE  WITH  MACH  NUMBER  AT  A 
REYNOLDS  NUMBER  OF  3.0  MILLION  PER  FOOT 
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FIG.  9  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.74 
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FIG.  10  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.79 
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!G.  11  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  fOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.84 
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.  12  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.89 
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FIG.  13  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.94 
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FIG.  14  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  1.1 1 
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FIG.  15  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  1.19 
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FIG.  16  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.59 
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FIG.  17  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.69 
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FIG.  18  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.74 
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FIG.  19 


PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.79 
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FIG.  21  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FlXFn  Awn 
NUEMBYERSOF  o!^G  STAB,UZER  AT  A  F,N  °F  2  DEGREES  AnVa  mS  ^ 
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FIG.  22  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.94 
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FIG.  23 


PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  2  DEGREES 
NUMBER  OF  1.10 


FOR  THE  FIXED  AND 
AND  A  MACH 
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ten  2 


FIG.  24  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELVSPINN'MG  STABILIZER  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBtR  OF  1.20 
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FIG.  25  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES 
AND  A  MACH  NUMBER  OF  0.59 
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FIG.  26  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND  A  MACH 
NUMBER  OF  0.69 
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FIG.  27  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND  A  MACH 
NUMBER  OF  0.74 
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FIG.  28  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND  A  MACH 
NUMBER  OF  0.79 
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FIG.  30  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND  A  MACH 
NUMBER  OF  0.89 
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FIG.  32  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND  A  MACH 
NUMBER  OF  1.11 
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FIG.  33  NORMAL  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
NUMBK  OT  7. 19°  STA8IUZEIiS  AT  A  FIN  "NT  Of  4  DEGRETs  AND  A  MACH 
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FIG.  35  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.69 
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FIG.  36  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.74 
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FIG.  37  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.79 
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FIG.  38  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.84 
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FIG.  40  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.94 
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FIG.  41  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND  A 
MACH  NUMBER  OF  1.12 
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FIG.  42  PITCHING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  1.20 
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FIG.  49A  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AND  A  MACH 
NUMBER  OF  0.74 


FIG.  49B  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AND  A  MACH 
NUMBER  OF  0.83 
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FIG.  5QA  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AND  A  MACH 
NUMBER  OF  0.89 


FIG.  SOB  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AND  A  MACH 
NUMBER  O?  0.94 
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FIG.  52 A  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AT  A  MACH 
NUMBER  OF  0.59 
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FIG.  52B  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AT  A  MACH 
NUMBER  OF  0.74 
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FIG.  53A  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AT  A 
MACH  NUMBER  OF  0.79 


FIG.  53B  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AT  A 
MACH  NUMBER  OF  0.84 


YAWING  MOMENT  COEFFICIENT.  C  YAWING  MOMENT  COEFFICIENT 


NOLTR  72-291 


YAWING  MOMENT  COEFFICIENT,  C  YAWING  MOMENT  COEFFICIENT, 
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FIG.  55A  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AT  A 
MACH  NUMBER  OF  1.10 


FIG.  55B  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 
FREELY  SPINNING  STABILIZER  AT  A  FIN  CANT  OF  1  DEGREE  AT  A 
MACH  NUMBER  OF  1.20 
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FIG.  56  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND 
A  MACH  NUMBER  OF  0.60 
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FIG.  57  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND 
A  MACH  NUMBER  OF  0.70 
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FIG.  58  SIDE  FORCE  COEFFICIENT  VERSUS. ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES 
AND  A  MACH  NUMBER  OF  0.75 


73 


SIDE  FORCE  COEFFICIENT,  Cy  S|DE  pORCE  COEFFICIENT, 


0  02- 

M 

He 

m 

M 

m 

n 

sS 

SHE 

m 

m 

M 

m 

m 

1? 

m 

1 

I 

MSS 

p 

m 

•  MM 

dm 

52.: 

i 

1 

n 

g§ 

ii 

n 

i 

1 

n 

H 

n 

1 

B 

ii 

ill 

m 

1 

ii 

11 

p 

eg 

SR 

Ea 

f® 

sis 

@2 

4. 

-+ 

II 

m 

B 

ii 

ii 

fig 

1- 

4i- 

m 

T^JT 

(Ht 

-1  * 
U  t, 

SI 

m 

m 

1 

ii 

|ji 

am: 

22 

11 

mo 

1! 

p 

urn 

1 

5 

4 

1 

i 

i 

m 

m 

B 

Ii 

1 

B 

1 

m 

n 

B 

m 

B 

i 

B 

i 

m 

i 

B 

1 

3 

0.0^ 

■ 

tcz 

m 

RSI 

I 

ism 

ii 

m 

fl 

•1 

1 

KS1 

B 

B 

ruT. 

m 

sal 

m 

l!5 

m 

a 

m 

m 

m 

B 

M 

*•••• 

itmat 

Bit; 

RU. 

SB 

'•iiimhi 

MMI 

SB 

■•••• 

n«aa 

sis 

ms 

*a*a! 
•  MM 
ami 

*■ 

H 

1 

m 

in 

H 

IB 

1 

m 

m 

I 

II 

if 

B 

m 

B 

11 

m 

m 

B 

m 

B 

1 

| 

p 

1 

iiiii 

Iiiii 

iJ| 

2s: 

us: 

am 

sis 

rsa 

ills 

ills 

SSI 

r-Hi 

iliii 

i 

ggj 

1 

m 

gj§ 

j*5i 

sffl 

Hi? 

:„ru 

m 

EE 

221 

M3 

*0 

m 

pi 

SKI 

S5T< 

m 

ii 

B 

|p 

ii 

Hh! 

ip 

i|i9 

ffg] 

jrnn 

RE 

mrsu 

1 

m 

Wi 

Eg 

pti 

?Rs| 

m 

sin 

iHf  i: 

inti 

iHiiHlMis 

••••■ 
•  •■H 

ssi 

««••• 

mfSKr 

[fJHl 

sa 

im 

3S 

wH 

hS 

2ffi 

iiH: 

liH? 

IK? 

Sfti 

* 

ni 

MIKSiftf 

■fcS 

IUS! 

«K! 

KSfl 

Wmi 

B 

ID 

m 

H 

m 

®i 

;nn 

39 

m 

ii 

S3! 

mm 

iff 

•  ••M 

HIM 

iisl&ii 

w 

i; 

| 

m 

p 

M 

i5H| 

a***a 

K 

i 

i a«3aa 
■ 

is 

1 

IK3. 

to; 

.TO 

U%43Q 

»XZ3* 

IKH! 

H 

■GH 

run 

tostoju::: 

IUU 

iliG 

BTO 

g 

3 

EZXZIISSS 

BTOBgn 

s::i 

us: 

s:s 

aaaaal 

Maai 

liiti 

i 

at 

m 

is 

H 

rr 

acgggaKjggrea 

n 

Hi 

i  22:2:1 

"ill 

sSfii 

ii 

•fata 
■  Mil 
aaaii 

I 

i 

m 

II 

M 

m 

H 

B 

-i  t  • 

p 

m 

m 

m 

B 

eIH 

jsl 

\\ 

1 

11 

I 

B 

i 

m 

J 

-o.oil 

i 

m 

m 

32] 

$& 

ga 

EDI 

:ci 

J  c 

Dlkl 

km 

•  i/-* 

CT 

i 

IB 

mss 

Ip 

n 

ns 

jjjp 

iiHh 

Bin 

«a 

ml 

Bra 

SS 

*  I'UtLI  JnnniMVJ  J  IMDILIZ.CK  -f, 

u 

*9 

Emins 

mu 

o 

urn 

SIDE  FORCE  COEFFICIENT,  Cv  SIDE  FORCE  COEFFICIENT 


NOLTR  72-291 


FIG.  61 


SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND 
A  MACH  NUMBER  OF  0.90 
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FIG'  62  3SKSSSS ,W*  »  attack  for  the  freely 
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FIG.  63  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND 
A  MACH  NUMBER  OF  1.10 


FIG.  64  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED  AND 
FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A  MACH 
NUMBER  OF  0.60 
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FIG.  67  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A 
MACH  NUMBER  OF  0.80 
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FIG.  68  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A 
MACH  NUMBER  OF  0.84 
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FIG.  70  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A 
MACH  NUMBER  OF  0.94 
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FIG.  71  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  KIN  CANT  OF  2  DEGREES  AND  A 
MACH  NUMBER  OF  1.11 
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FIG.  72  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 
AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  2  DEGREES  AND  A 
MACH  NUMBER  OF  1.20 
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SIDE  FORCE  COEFFICIENT,  C  SIDE  FORCE  COEFFICIENT 
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FREELY  SPINNING  STABILIZER 


FIG.  74  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES  AND 
A  MACH  NUMBER  OF  0.70. 
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FIG,  76  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES  AND 
A  MACH  NUMBER  OF  0.80. 
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FIG.  77  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  ;'IN  CANT  OF  3  DEGREES  AND 
A  MACH  NUMBER  OF  0.84 
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FIG.  78  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES  AND 
A  MACH  NUMBER  OF  0.90 
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FIG.  79  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES  AND 
A  MACH  NUMBER  OF  0.94 
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FIG.  80  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FREELY 
SPINNING  AND  FIXED  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES  AND 
A  MACH  NUMBER  OF  1.11 
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FIG.  82  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES 
AND  A  MACH  NUMBER  OF  0.69 


FIG.  83  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES 
AND  A  MACH  NUMBER  OF  0.74 
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FIG.  84.  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES 
AND  A  MACH  NUMBER  OF  0.79. 
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FIG.  85.  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES 
AND  A  MACH  NUMBER  OF  0.84. 
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FIG.  86  i  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES 
AND  A  MACH  NUMBER  OF  0.89 
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FIG.  88.  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  3  DEGREES 
AND  A  MACH  NUMBER  OF  1.11 


103 


T 


2 


■SMI 

m 

K iH~ 

*2”  it**  «i**)IK3<k*ifZ**"Sn 

|Si:iSii!i3|g:d!!|"j;iiaiiSji8i!::| 

ivtij  12  iznTi&i  u  ■)  1  ill  L-iil 

Bf  **•»••■*••  ••••••«•■•  #■••■■■•■■  »••••••••■  ■■•••■*•■•  ••••«■■■«•  MM((*(MM>MM»H  MHKMI  •  b 

Efitfis»iK;:;:;:t;i8:;»::hH;ii;;:;;::;S;;i:;p;:S;n:;;«;:;:;:n:;;;;5;Ki:;n};;«{ffHi;»i:i;;i;mIwfnt«t:l 


- '■•»  ■ M>  •>■■■•■•  *••••■•••••■■••■•■•«  •■■■•■■••• ■■■■■■•■•€  ••••••■•■*•■••• ■••M  *■•••••»•»•■  I 

■  . . . 

I  MU  ••••••■  nil  •  I  I  Mill  *lail  ■■■••) - - - - - - - - - - - - - *■ 

•tlimiHMiuiMMiMir- - 

- Mai  --• 

- «!!!!!! 


►••■••1 — _ 

- JlHlMI*.  . . . 


imiHiiii 


■««ii  tiiiiiitn  HiMiiaMli 
•  ■•••  ••••••■■•»  li«MfMllli 

liiiHttiiniatiiiuimii  ii 


HHI 


ill! 


SIDE  FORCE  COEFFICIENT, 


•  •  ••*•■• 


•  ■•••Ml . . 

••••■•■■■I ■•■••■•■*• 

*  ••■•aaaaa «•■••{•••• 

•■■••«•*■• ■••••••••# 

•■••••  ■■•■•••  aaaaaar 

••••••••tilaiiiitti 


)••••■  ■••••  Mr  ft  • 

••■a i •*!•• laiaa ■« 

•  aaaaaaaaaa - 

•  ••ItllMM 


{••••••• •«•■■••••• ••»••*•••( 

••■■•■•••■■••till ••••••f'1 

•  flfMM*MI)llll|IM|iM(M{ 


«••••••■•■•••• •■•■••••••i 


iatMIMM _ _ _ _ 

•  •a*  ••••••••■••••••  •••miImi 

*••■*•• •••••■■■■••■•  ■■M*aa*al  auMiMMi 


- — — — —  aaaaa  ••••••aid  •••••  din  ••Mfiiai* 

aiiMtliiiiiiMiiMiMi •aaiaaaaai aaaaa aaila  ifiktiiiiiiiiMliiitiiMlnid 

■  •■•••  ••••i  •  •  •  ■  i  •  •  ■  •  •  i  •  •  ■  ■  •  ••••  •  ••  ■  •  •  ■  aiiaiaaaii  ■nMMiii  aaaaiaaiM 

.  . . •••■  aaaaa aaaaaaaaaa  ■  ■■■■■••••  i  ■•>■  i  ■■■  a4  a  ia  ■•  laaai  i  ii  ■  • 

■  •■  mmiMi  Middm •■■•■•diiiiduuii  •■■■■■•*•••■•■•  iiMitaliiliiii 

^HaSSSSSaSaaata  SaaSSSaaZ!  a2aS||SSlla|3aaf  aRS  aSJRafSSSa 

•  ••••••■••••iMiifMittiiiiitilM  •iaaaaaaaaaaafiaaaaa 

••»■••}*••  iiiiim  •■■ItfaaaiaSaia  •••»•••■  aaaai Jiaai  aaaaa  a  ••«•  aa lay aaaai  iHflm'lloiMM*1' 

. iauB|BS!8naaa!3BBa!m!!i:; 


ANGLE  OF  ATTACK~(DEG) 


|  •■■••■*•■•  laiMinu  aaaaaaaaaa  iaM«MiM  NMtmd  •■aaaiM*i  a«i«a •■  aai n*m tMil aM4 


MM 
a  ••• 
aaaaa 

a  aaaaa _ 

a laaaa aaaaa iaaaa aaaaa ai 

•  taiii  — - 2 - " 

a  iaaaa 


a aaaaa 
a  iaaaa  aana  aa_ 
• aaiaiaaait iai 

- -i,  JP - 


- - - jSaSaaaa  a 

.  aaaaa  aaaaa  aaaaa  aaaaa 

• . . 

-  laaaaaataa  laaaMaaaia 
aaaaa  aaaaa aaaaa aaaaa iaaaa aaaaa aii«liiaai 
laiaaiiiiiiaaaiiiiia aaaaaaaaaa aaaalaaafi 
••■■a aiaaa aaaaaaaaaa aaaaaaaaaa ••••iyfialj 

•  a ■••■■aaa  aaaaa aaaaa  aaaaa aaaaa  •  •■••■•! 

•  ••••aaaaa  ••••■■*•■••••••  aaaaa  ••■■■•<* 

.  •  aa ■■•• a ■•••■•••■■■■■■■•• lai •■ a  a 

a  ■••••■■•■• aiaaa aaaa ■•••■■ - 

a iaaaa laaia iaaaa aala a aaaaa 
a  laaaaaaaaaaaaaa aaaaf aaar- 
•  •••••••■••••■•■••••* aaai 


•••■■••••a  iaaaa  aaaai  itiaiaaami  aaaaa 
•  ■■•■•■■•a  iaaaa  aaaaa  laiaaiiMi  iaaaa 
•• ••••••••■•••••••*• aaaaa ■••■•■••■■ 


•••» 

•  L  ■■•aaaai  w  i  •■•■■< 
<■•■•••<*’••••» 
a ■•■■■••■•• aaaarz 

J aaaaa  aaaaa  aaair 
aaaaa  ••■•••■••! 

--[•■•a  ••■•••! - 

-■■••air-  *■ 


a •••••••••• aaaaaaaaaa iaaaa ■•••« •■■••■•I 

-  - ja ••••■■•••• •••••■••■• ■••■••••■• ■aaaitai 

■ ■•■•»••••••••••••••••■ aaaaa •aiaaaiaia ••■■■•■••■ iaaaa aaaai iaiaiaai 

>aa a aaaaa aaaaa aaaaa •••■■ aaaaa aaaaa ■ a aaa aaaaa a ■■•■•■ a aaaaaa a aataaaa< 
’■^•••••••■•aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaMaaaaaaaai  _ 

■ ••}•••■••• ■•■••■••■• aaaaa aaaai aaaaaaaaaaaaaaaaaaaaaaaayaaaaaaaaaa ••••■ aaaaa •aaaai 
a  iai  a  a  aaaaa  •■■■••fcaaa  ••■■•  aaaaa  •••aa  iaaaa  aaaaa  aaaai  a  ••■•••  a  aaaaaSaHaa  a  aiaaa a aaaai 
• ••■•■•■••• aaaaa •■•■■ ••••••■••• aaaaa aaaaa aaaaa aaaai aaaaa ■•••• aaaaa aiaaa aaaaaaaiF21 

*  iaaaa  ••■■!  aaaaa  aaaaa  iaaaa  aaaia  aaaaa  aaaa*i«r - - 1 — 25 - - 


g::iis::::sin 

Uaaa  ■•••■■•■••  •*< 


iaaaaa 


ia aaaaa  aaaaa iaaaa aaaaa < 


FIG.  90  SIDE 
AND 


aaaai  aaaaa  aaaaa  •■••••< 
■  ••■a  aaaaiaaaai aaaaa ii 
■•■•••••■•■•••ia aaaai a 


liaaaaii 


CIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 

TABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND  A 


SIDE  FORCE  COEFFICIENT 


FIG.  92.  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 

AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.74. 


FIG.  93  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 

AND  FRE&Y  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.79 
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FIG.  94  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 

AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.84 
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FIG.  96  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE  FIXED 

AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES  AND 
A  MACH  NUMBER  OF  0.94 


SIDE  FORCE  C 
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FIG.  103  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES 
AND  A  MACH  NUMBER  OF  0.84 
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FIG.  104.  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 

FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF  4  DEGREES 
AND  A  MACH  NUMBER  OF  0.89. 
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FIG.  110  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 
FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF 
5  DEGREES  AND  A  MACH  NUMBER  OF  0.79 
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FIG.  Ill  SIDE  FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 
FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF 
5  DEGREES  AND  A  MACH  NUMBER  OF  0.84 
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FIG.  112  “SIDE-FORCE  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK  FOR  THE 
FIXE.W  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN  CANT  OF 
5  DEGREES  AND  A  MACH  NUMBER  OF  0.89 
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FIG.  117  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 
FOR  THE  FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN 
CANT  OF  5  DEGREES  AND  A  MACH  NUMBER  0.69 
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FIG.  118  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 
FOR  THE  FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN 
CANT  OF  5  DEGREES  AND  A  MACH  NUMBER  0.74 
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FIG.  120  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 
FOR  THE  FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN 
CANT  OF  5  DEGREES  AND  A  MACH  NUMBER  0.84 
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FIG.  121  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 
FOR  THE  FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN 
CANT  OF  5  DEGREES  AND  A  MACH  NUMBER  0.89 
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FIG.  124.  YAWING  MOMENT  COEFFICIENT  VERSUS  ANGLE  OF  ATTACK 
FOR  THE  FIXED  AND  FREELY  SPINNING  STABILIZERS  AT  A  FIN 
CANT  OF  5  DEGREES  AND  A  MACH  NUMBER  1.19. 
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APPENDIX  A 

FLOW  ANGULARITY  CORRECTIONS  TO  MAGNUS  MEASUREMENTS 

The  making  of  Magnus  measurements  poses  a  considerable  challenge 
to  the  aerodynamic  experimentalist,  Ihe  nature  of  the  Magnus  effect 
presents  two  principal  obstacles  in  the  path  of  systematic  and  re¬ 
liable  measurements.  First,  measurements  must  be  made  in  the  presence 
of  model  spin  and,  secondly,  the  Magnus  force  is  small  and  acts  normal 
to  the  angle-of-attack  plane.  Stated  in  another  way,  this  second 
consideration  says  that  the  Magnus  force  must  be  measured  in  the 
presence  of  an  orthogonal  force  whose  magnitude  is  much  larger  (about 
20  times)  than  the  Magnus  force. 

The  first  difficulty  can  be  met  only  through  careful  model  design 
construction  and  fitting  to  the  wind-tunnel  balance.  The  second 
consideration  might  be  accepted  as  a  balance  design  requirement 
setting  the  relative  stiffness  of  the  balance  to  yaw  and  pitch  loads. 
However,  the  relative  magnitude  and  direction  of  the  Magnus  and  normal 
loads  at  least  hints  that  what  might  appear  as  a  superficial  inter¬ 
action  of  normal-force  and  yaw  measurements  can  have  a  disasterous 
effect  on  the  quality  of  the  Magnus  data. 

The  interaction  of  normal  force  and  yaw  loads  treated  in  this 
note  will  be  confined  to  flow  angularities.  Briefly  stated,  if  there 
is  an  angular  resolution  between  the  flow  vector  and  the  axis-of- 
symmetry  vector  at  a  nominal  angle-of-attack  setting  of  zero,  then 
there  will  be  a  nonzero  yaw  load  measurement.  In  general  this 
angular  offset  will  prevail  over  the  whole  angle-of-attack  range.  In 
other  words,  even  at  angle  of  attack  the  true  angle  between  the  flow 
vector  and  the  ax is -of -symmetry  vector  will  differ  from  the  nominal 
angle-of-attack  setting.  In  addition,  the  actual  and  nominal  angle- 
of-attack  plane  will  differ  in  orientation.  This  is  especially 
important  as  the  normal  force  is  defined  in  and  the  Magnus  force 
normal  to  the  angle-of-attack  plane.  It  will  be  shown  subsequently 
that  even  though  the  angle  between  the  nominal  and  actual  angle-of- 
attack  planes  may  be  "small"  the  effect  on  the  Magnus  force  can  be 
significant. 

It  should  be  pointed  out  that  effects  of  flow  angularity  gradients 
in  space  will  not  be  considered  although  gradients  along  the  model  can 
be  accounted  for  in  an  approximate  fashion.  Stated  alternately,  no 
consideration  is  given  to  changes  in  flow  direction  at  different 
points  in  the  test  section  flow  field.  Attention  herein  is  confined 
to  effects  arising  from  a  failure  to  orient  the  model  along  the  flow 
at  a  nominal  angle-of-attack  yalhe  of  zero  degrees.  While  the  failure 
might  be  attributed  to  operational  error,  tunnel  flow  angularities 
or  even  carelessness,  such  angularity  exists  in  all  wind-tunnel  Magnus 
measurements.  This  angularity  is  apparent  in  the  existence  of  non¬ 
zero  normal  and  side  loads  at  a  nominal  zero  angle  of  attack. 

Actually,  it  appears  that  there  is  little  that  can  be  done  at  this 
time  to  align  the  model  perfectly  into  the  flow  at  zero  angle  of 
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attack.  In  this  Appendix  balance  corrections  will  be  developed  to 
remove  the  effects  of  the  flow  angularity  from  the  Magnus  or  side¬ 
load  measurements. 

The  model  is  assumed  mounted  on  a  conventional  axial  sting.  The 
axis  of  symmetry  is  taken  along  the  "X*  axis  with  the  axial  direction 
indicated  by  the  unit  vector  A  conventional  right-hand  triad  is 
formed  by  unit  vectors  £,  J,  k,  with  normal  force  along  the  negative 
"Z"  axis  in  the  opposite  direction  of  k  and  side  forces  along  the 
positive  "Y"  axis  in  the  direction  of  j.  These  axes  and  vectors  may 
be  identified  in  Figure  A-l  below: 


It  will  also  be  noted  that  when  the  configuration  is  at  a  nominal 
angle  of  attack  of  zero  degrees,  the  {X,Y,Z}  axes  are  coincident  with 
the  {X0,Yq/Z0}  axes.  Rotation  in  angle  of  attack,  a,  is  entirely 

about  the  Y  axis^  Further,  the  velocity  vector,  -V,  is  not  assumed 
coincident  with  IQ  but  rather  has  direction  angles  with 

respect  to  IQ  as  shown  in  Figure  A-l.  As  a  consequence,  the  true 

angle  of  attack,  A,  is  not  at  any  time  equal  in  magnitude  to  the 
nominal  angle  of  attack,  o.  The  angle-of -attack  plane  obviously  will 
not  lie  in  the  {X0YQ}  plahe.  The  implication  of  this  "tilting"  of  the 

angle-of-attack  plane  will  be  pointed  out  subsequently. 

The  direction  of  the  velocity  vector,  -V^  i§  designated  by  the 
unit  vector,  which  can  be  written  in  the  {£0,;j0,R0}  system  as. 
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Jl  -  CCoSXoCoygJ  +-  C5im<)  K0  (a-1) 

We  can  write  A  in  terms  of  the  {r,J,k}  system  by  means  of  the 
following  transformation 


FIG.  A-2 


where 

Co &L  +*  Sj7oC  K 

■*  "I- 

Jo"  J 

K  +  Co$o<k 

o 


(A-2a) 

(A-2b) 

(A-2c) 


Inserting  Equation  (A-1)  into  Equation  (A-2)  gives 


^  » \uCoSo(0Cos^0CoS(<  -  Siw«><©  Smotl^  +•  [Cos-^Sin^U 

4*  LCoSo^oCo^fl*  Sin<^  4*  SinoCo  CsSot^l  ^ 


(A- 3) 


It  was  pointed  out  above  that  the  assumed  angle-of-attack  plane 
{i,iQ}  and  the  actual  angle-of-attack  plane  (!,£)  are  not  coincidental 


if  8  is  not  zero, 
o 


By  definition  the  Magnus  force  must  lie  normal  to 

the  angle-of-attack  plane  and  the  normal  force  must  lie  in  the  angle- 
of-attack  plane.  The  wind-tunnel  balance  will  resolve  tEe  aerodynamic 
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load  along  the  {I,J,k)  vectors;  while  this  in  itself  is  not  incorrect, 
it  is  incorrect  to  identify  the  load  along  the  J  axis  as  the  Magnus 
load . 


A  unit  vector  normal  to  the  angle^of-attack  plane  may  he  given 


as 


0.1]  =  jt*L 

where  a  is  the  magnitude  of  j  x  I.  Thus, 


(A- 4) 


0.^1  -  [Cosx.Sin.S.K'*)  +[CoSoC.Cja.SiKX  +  Sin<*»G«oi]  t 


(A-5) 


where  it  immediately  follows  that 


a  -  i[Gso(0c$irysJ2+-  [Cos*.Cs^. 


(A- 6) 


or  finally. 


(A-7a) 


Oj  ■  —  [CGscCo  C0syS0  S«nd  4-  SmotoCsci)  -5  ~  CCoso^Sin^O 

Note  that  if  £q  equals  zero.  Equation  (A-7a)  becomes 

-*■  * 

7 "  J 

It  is  also  necessary_to  have  a  vector  in  the  angle-of -attack  plane 
and  normal  to  both  I  and  n*  This  unit  vector,  5,  will  be  determined 
from  -a 


(A-7b) 


^  p  ? xy  -  l  \(l  *1)  =  ^ 

-jtJGt?) 


(A-8) 


From  Equation  (A-3)  we  immediately  have 


b  ^  *  [Cos*,  Si»ty6o]r  **  [CoS^0Cwy9<,  Sioo(  ^-Sino^Gsot]^ 


(A-9) 


Obviously,  from  Equation  (A-6),  b  *  a;  thus  Equation  CA-9}  becomes, 
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CCos«(©Co^fi©Sino(  +*SinoC0CoS^)^l 


(A-lOa) 


Again,  as  might  be  expected,  if  (5q  equals  zero. 


(A-lOb) 


If  Figure  A-l  is  examined  it  may  re.  .  be  seen  that  the 
nominal  angle  of  attack,  a,  is  not  the  at  '  •  .  angle  of  attack,  A. 

Since  the  angle  of  attack  is  defined  as  th<_  angle  between  the  axis 
of  symmetry  and  the  velocity  vector,  it  is  necessary  to  have  a 
relationship  between  a  and  A.  This  relationship  is  easily  obtained  by 
first  noting  that, 


(A-lla) 


and 

CosK-M 


(A-llb) 


Since  nearly  all  computer  programs  have  an  Arc-Tan  routine,  an 
expression  is  sought  for  Tan  A.  Dividing  Equation  (A-lla)  by  (A-llb) 
and  making  use  of  Equations  (A-6)  in  the  numerator  and  Equation  (A-3) 
in  the  denominator  results  in  the  following  expression: 


*  "[3^ .  ^  [CosotoCo^fl,  Smot  4-  Sint^C^]  +  [Caso^c  Sthfol  ^ 


(A-l 2) 


It  might  be  of  some  interest  to  examine  the  above  relationship  where 
aQ  <<  a  and  <<  a.  From  Equation  (A-6)  the  expression  for  a  becomes: 


a.  -  {^+(  Sinx  +  ot„  Csj)z]z 

S  SinoL C0S0L 

Within  the  above  restrictions  on  the  size  of 
Equation  (A-13)  might  be  rewritten  using  the 


+-o£Cos\^ 

«o  and  relative 
following: 


(A-13) 

to  a. 
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SLoio  S/Wot  Co Sd  3  ^ 

Equation  CA-13)  can  now  be  further  reduced  as: 

X  _  1 

a  ^ C^ihcrf)  O^oSim&oi) 

Sinol  +  G>sct 
Equation  (A-12)  now  becomes: 

I  Sinol  +  otoCs^ 

-  C>s<<  -  Sfnoi..  i 


(A-14) 


(A-15) 


If  aQ  is  equal  to  zero  (and  gQ  has  been  ignored  so  it  is  effectively 
"zero")  Equation  (A-15)  becomes 


Of  course.  Equation  (A-16)  is  nothing  more  than  a  check  of  Equation 
(A-12),  showing  that  if  the  flow  angularity  variables  {ao/8Q}  become 

small  and  then  negligible  the  true  and  nominal  angles  of  attack  A 
and  a,  respectively,  become  equal.  Also  Equation  (A-15)  shows  (as 
one  might  expect)  that  for  large  angles  of  attack,  the  effect  of  aQ 

is  second  order  and  the  effect  of  is  third  order.  Actually 

Equation  (A-15)  is  not  of  much  value  as  it  cannot  be  used  where  the 
angle  of  attack,  a,  is  of  the  same  order  as  {a0#80}* 

Two  orthogonal  axis  systems  have  been  introduced:  (I,j,k)  and 
(I#hfC);  the  first  being  the  system  into  which  the  aerodynamic  force 
vector  is  resolved  by  the  wind-tunnel  balance;  the  second  being  the 
system  in  which  the  aerodynamic  loads  are  defined.  For  example,  the 
Magnus^load  is  defined_normal  to  the  angle-of -attack  plane,  i.e., 
along  n  and  not  along  5*  Similarly,  the  normal  force  lies  in  the 
angle-of-attack  plane  (along  negative  £)  and  not  along  negative  k. 
Relationships  will  now  be  developed  between  loads  measured  in  these 
two  systems. 

The  aerodynamic  load  vector,  f,  can  be  expressed  in  both  the 
(I, j,k)  and  (I,n,§)  systems  as  _ 

GvT+ +■  F7  *•  <A-l?a) 
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Through  th.e  use  of  Equations  (A-7a)  and  (A-10a)  Equation  (17)  above 
may  be  rewritten  as; 

Lr*  i  4*  {[CG)SeC0C5^6<,<Sf»oL  •+*  Stno(0G>s<5()i  " 

*  3?[CC>so(,  SiyyOif  CG^o(jQsy&>Si‘nol>4“S\y»^oGi^'k]  (A_ 


(A-17b) 


Fx  i+  F7r+F*K 


Equating  the  components  in  the  above  vector  equation  gives 


(A.-18a) 


F>f  *  ^  [Coso(0Co^0Sin^+  Siho^Ci^]4,  ~ [Co so^in^l  (A-l8b)  : 

« 

F 2  *  “"c[“t-0S^o  SinjS^-4  (a-18c)  j 


Since  it  is  of  greater  interest  to  express  {G  ,G  ,G  }  as  functions 

x  y  z 

of  (F  ,F  ,F  },  it  is  necessary  to  solve  Equations  (A-18)  for 

X  Z 

{G  ,G  ,G  }.  It  is  immediately  obvious  that  Gv  equals  F  .  however, 
x  y  z  xx 

such  a  relationship  is  of  no  practical  use  since  axial  loads  are  not 

usually  measured  in  a  Magnus  test  anyway.  Defining  the  following 

relationships , 


-  Cos  o4e  Coi^o  Sind  *  Sirto^GoSoC 

*  Coxot0^m^S o 


Equations  (A-18b)  and  (A-18c)  become; 


Q.  Fy  «  Qy  ^  +  G-jt 

o,  F*  «.  -  Gy  Gg  h 


(A-19a) 


(A-19b) 


(A-20a) 


(A-20b) 
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From  Equation  (A-6)  it  is  obyious  that 


aL  = 


(A-21) 


Using  Cramer's  rule,  Equations  (A-2G1  can  be  rewritten  as. 


(A-22a) 


G»  =  al-b  F*l 

.  4i  * 

I  -fc*  'M 

The  above  expressions  become. 


(A-22b) 


6-  *  ^  1  - 
r  a 

r. ; 

^  -  - a 


(A-23a) 


(A-23b) 


Equations  (A-23)  may  now  be  written  in  coefficient  form  by  replacing 
Gy,  Gz,  Fy,  Fz  by  Cy,  -C^,  Cy  and  -CN,  respectively.  If  this  is  done 
Equations  (A-23)  become: 


rc=  ^  ->  c** 

i  a 

r c  _  Qi'fc  - 

n  a 


(A~24a) 


(A-24b) 


The  normal-force  and  side-force  coefficients,  and  Cy,  are  measured 

at  a  nominal  angle  of  attack,  Once  these  quantities  are  available 
it  remains  only  to  obtain  the  flow  angularity  variables,  aQ  and 

Before  doing  this  it  is  probably  of  some  value  to  point  out  that 
Equation  CA-24b)  is  not  of  much  practical  value.  It  would  be 
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expected  that  the  corrected  value  of  C K,  that  is  C^,  would  not  differ 

much  from  the  measured  value.  The  reason  is  that  for  small  values  of 
«o  and  gQ,  the  quantity  K  would  be  nearly  equal  to  6q  (.see  Eq.  (A-19b)) 

and  h  no  less  than  the  order  of  a  (see  Eq.  (A-19a)}.  Since  the 

o 

magnitude  of  is  an  order  of  magnitude  less  than  (measured  at 

the  same  angle  of  attack) ,  the  correction  to  CN  would  be  negligibly 

small.  Therefore,  in  considering  corrections  to  measured  data, 
attention  will  be  confined  to  the  side-force  equation.  Equation 
(A-24a) . 

Next,  consideration  should  be  given  to  corrections  to  the  moment 

measurements.  Moment  correction  equations,  analogous  to  Equations 

(A-24) ,  can  be  written  quite  easily  by  returning  to  Equations  (A-23) . 

The  force  components  {F  ,F  ,F  }}can  be  thought  of  as  the  components 

x  y  z 

of  the  aerodynamic  moment  resolved  in  the  wind-tunnel  balance  frame, 

{I,j,k}.  The  corrected  force  components  (G  ,G  ,G  }  are  then  the 

x  y  z 

resolution  of  the  aerodynamic  moment  in  the  {i,n,f)  frame.  The 
moment  coefficients  are  introduced  by  replacing  G^,G^,F^  and  Fz  by 

Cc,  Cc,  C  and  C  ,  respectively,  to  get: 
m  n  m  n  c  J 


rC_  On  "fl  “  K 

- a - 

Cc  _  t  Crrfc 


(A-25a) 


(A-25b) 


Using  arguments  similar  to  those  offered  in  the  case  of  the  normal- 
force  coefficient,  the  corrections  to  the  pitching  moment  (Eq.  (A-25a) ) 
can  be  ignored.  The  correction  equations  will  then  be  Equation 
(A-24a)  for  the  side  force  and  Equation  (A-25b)  for  the  yawing  moment. 

Now  for  the  above  correction  equations  to  be  of  any  value,  there 
must  be  some  means  for  measuring  the  flow  angularity  angles  aQ  and  3Q. 

These  quantities  are  indicated  by  a  nonzero  load  measurement  at  a 
nominal  zero  angle  of  attack.  In  the  sketch  below  the  model  is 
indicated  to  be  at  a  nominal  angle  of  attack  of  zero. 


118 


tfOLTR  72-291 


Since  aQ  and  are  small,  the  situation  seen  when  "looking  in"  along 
the  Yq  axis  along  the  negative  direction  is  approximately  that  given 
in  the  following  sketch: 


FIG.  A -4 
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Clearly 


Q.  -  C. 


a.  /C 


(A-  26) 


where  C.f  ,  the  normal-force  derivative  at  a 
Nct 

an  approximate  manner  as 


=  0,  may  be  obtained  in 


C  =  [h.Cu  /  h^sn 


(A-27) 


In  this  note  the  use  of  the  above  expression  will  be  implemented  by 
obtaining  CN  at  two  and  zero  degrees  to  give 


£7.3 


(A-28) 


The  situation  seen  "looking  in"  along  the  ZQ  axis  in  the  positive 
direction  is  approximately  that  given  in  the  following  sketch. 


FIG.  A-5 

For  a  positive  value  of  and  a  positive  sideslip  angle,  0Q,  the 
analogy  of  Equation  (A-261  may  be  written  as 

/So  ~  (A-29) 


A-ll 
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APPENDIX  b 

SPIN  RATE  RELATIONSHIPS 

If  the  spinning  motion  of  a  free-fall  store  is  assumed  to  have 
a  single  degree  of  freedom/  the  angular  momentum  in  spin  can  be 
related  to  the  applied  moments  as, 

Jt  *  +  Of  $  1  QSd 

where  C?  is  the  roll-damping  moment  derivative  and  C»  is  the  rolling 
P  *6 

moment  due  to  fin  cant.  Equation  (B-l)  can  be  rearranged  by  replacing 
the  spin  rate,  p,  by  the  reduced  spin  rate,  p,  to  give: 


The  unit  of  the  independent  variable  time  may  be  changed  from  seconds 
to  the  time  for  passage  of  one  bomb  length  or 

t/(l/'i)  =  t* 


Equation  (B-2)  may  now  be  rewritten  replacing  t  by  t*. 


QsdV 

zx „v 


(B— 3 ) 


with  the  axial  moment  of  inertia  replaced  by  the  nondimens ional 

radius  of  gyration  K  =Vl /md^  and  the  bomb  "average"  density,  pD, 
equal  to  m/SA,  the  second  term  on  the  right  of  Equation  (B-3)  becomes. 


QSW 

zr.v  “ 


aSid'y* 


Equation  (B-3)  now  becomes: 
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where  C.  <S/C  „  may  be  brought  inside  the  derivative  since  it  is  a 

6  p 

constant.  Integrating  Equation  (B-4)  gives, 

where  the  steady-state  spin  rate  which  occurs  when  t*  -*■  00  might  be 
written  as 


(B-6) 


B-2 


